Abstract Objective: To evaluate the relationship between the biomechanical properties and the structure of elastic components in different veins used for vascular reconstruction. Design: In vitro experimental study. Material and methods: Groups of 30 samples of incompetent saphenous veins (rSV), competent saphenous veins (cSV) and femoral veins (FVs) were compared following immunohistochemical staining for the presence of collagen types I, III and IV and elastin. The percentage area of transverse section of veins occupied by each type of collagen and elastin was measured using a computer-image-analysis system connected to a microscope. For all three groups of veins, the storage modulus, E 0 , and the loss modulus, E 00 , were measured with a mechanical analyser, DMA-242, and changes in the function of temperature and frequency, and duration of exposure to the applied force were determined. Results: The rSV showed the highest percentage share of collagen I and the lowest percentage share of collagen IV. These samples also showed the greatest expression of elastin and the highest elastin to collagen ratio. The rSV were also found to have the highest E 0 and E 00 , and during the long-term exposure achieved maximum stiffness in the least time as compared to cSV and FV. Conclusion: The histological structure directly influences the biomechanical properties of venous wall with rSV showing least compliance and cSV the greatest compliance. ª
As the age of Western population increases, the number of coronary-artery and peripheral-artery-bypass grafts using the saphenous vein as a conduit is increasing. Chronic venous insufficiency affects approximately 50e55% of adult women and 40e50% of adult men and its incidence also increases with the age of the population. 1e3 The majority of the patients with varicose veins have incompetent sapheno-femoral junctions and reflux in the saphenous vein, leading to elevated venous pressure at the ankle. 4 Venous and arterial diseases of the lower limb will co-exist in an increasing number of patients, especially those of advanced age. The inadequate availability of autogenous saphenous veins will pose an important clinical problem.
The superiority of venous bypass grafts over those performed with the polytetrafluoroethylene (PTFE) is well documented. 5e7 Good results of bypass grafts with the use of deep veins have been also obtained with a 3-year secondary patency rate of 89%. 8, 9 Some authors have reported the use of incompetent saphenous veins for use in bypass surgery. 10e12 Both macroscopic and microscopic changes in the vessels harvested for vascular reconstruction have been observed. The wall of incompetent veins shows reduction of the muscle fraction and changes in the proportion of muscle cells to stroma cells. 3,13e18 It is believed that these changes unfavourably influence the patency of the vascular bypass grafts.
19e21 However, the information concerning the vein that is to be used as a conduit for bypass surgery is limited to diameter and the presence or absence of the reflux. There is a growing scientific interest concerning the loss of venous tone as the consequence of the weakening of the venous wall structure resulting from the lack of the equilibrium between the synthesis and the degradation of the extracellular matrix. 22e25 The saphenous vein has been the main focus of investigation in the published work. 15, 20, 21 The collagen, elastin and smooth muscle cells are the components of the venous wall responsible for its distensibility. The results of analysis of collagen and elastin in normal and incompetent saphenous veins are inconsistent. 26, 27 Studies of the biomechanical properties of veins used for bypass surgery were based on their indirect analysis by the measurement of pulse wave velocity and M-mode ultrasonography. 15,17,28e30 The studies were mainly carried out in ex vivo conditions and in an experimental, animal model. 31e36 No study has analysed the veins used for the bypass surgery using dynamic mechanical analysis (DMA).
The purpose of this study was to evaluate the biomechanical properties of different venous material and to determine their relationship with elastic components of the venous wall.
Material and Methods
This study was approved by the Ethics Committee of the Medical University in Pozna n. Three groups of veins were compared. The first group comprised 30 segments of great saphenous veins with pathological, axial reflux (rSV) which were obtained during varicose vein surgery. The diameter of the veins in this group ranged from 3 to 7 mm (mean 5.4 mm, SD 1.2 mm). The second group comprised 30 segments of great saphenous veins without pathological reflux (cSV) that were harvested during coronary or peripheral bypass surgery. In this study, venous reflux exceeding 0.5 s as assessed by duplex ultrasonography in standing patients after a manual calf compression and release was considered pathological. The saphenous veins were considered suitable as a conduit if the vein was patent, its diameter was greater than 3 mm, it was competent and did not have post-thrombotic lesions. The diameter of veins in this group ranged from 3 to 6 mm (mean 4.9 mm, SD 1.8 mm). In both groups, segments of saphenous vein were obtained 2e10 cm from the saphenofemoral junction. The third group comprised 30 segments of femoral vein (FV) obtained during above-knee amputations, harvest of the FM for the arterial reconstruction following removal of infected prosthetic grafts or post-traumatic reconstructions of the deep venous system. The diameter of veins in this group ranged from 4 to 8 mm (mean 5.7 mm, SD 1.9 mm). The age and gender of the patients were comparable in all three groups. The mean patient age was incompetent saphenous vein group 54 (SD 18) years, competent saphenous vein group 61(SD 13) years, and FV group 57 (SD 16) years. Histological and biomechanical analyses were performed in all groups.
Sections of vein for histological analysis were first fixed in buffered formalin for 48 h. Thereafter, the samples were taken and specimens were prepared in paraffin blocks. Histological slides were viewed with a light microscope (Motic, Micro Optic Industrial Group Co., Wetzlar, Germany) with built-in digital camera and driven by the Motic Images 2000 ver. 1.2 software. This image analysis system was used under 40Â magnification and allowed calibration of brightness, contrast and colour saturation. Images showing background staining were excluded from the morphometric analysis.
Morphometric analysis of expression of markers was performed using a new methodology based on the spatial visualisation of these markers on the microscope images. This method was developed in the Laboratory of Morphometry and Medical Image Processing of Pozna n Medical University and incorporated in the A4D computer program. 37 This program calculated the percentage area of transverse vein sections exhibiting staining for each marker under investigation. The ratio of percentage expression of elastin and collagen was then calculated.
The sections of vein used for the biomechanical analysis were gently cleared from the adjacent tissues and rinsed with demineralised water. Subsequently, the venous segments were opened along the longitudinal axis and samples 5 Â 10 mm were cut out. The standard procedure mechanical analysis of the venous material in vitro was followed. 33, 38 The analysis of mechanical dispersion was performed with the mechanical analyser DMA-242 (Netzsch, Germany). The analyser permits the application of a variable force to the tissue sample. This ranges from 1 to 8 N with the proportion parameter ranging from 1.2 to 4.0 within the frequency range 0.1e100 Hz. In this study, the proportion parameter was 1.2. The equipment used allows determination of the mechanical characteristics of materials submitted to oscillating force and the calculated deformation is a function of temperature changes, frequency and time. The use of a Fourier transform permits very precise determination of the amplitude of deformation and phase shifting. 38 For all three groups of veins, storage modulus E 0 and loss modulus E 00 were measured in isothermic conditions at 310 K with the applied force of 3 N and frequency of 1 Hz. 38 Both modulus E 0 and E 00 describe the behaviour of the material exposed to sinusoidal changes of tension. The E 0 reflects the ability of a material to store the energy, while the E 00 reflects the loss of energy resulting from the action of intrinsic friction forces. Then, the mechanical properties were measured with analyser working in the expansion mode, within the temperature range from 100 to 550 K with a warming rate of 1 K min Statistical analysis was performed with the Statistica PL ver.7.1 program (Statsoft Inc, Tulsa, OK, USA). The ShapiroeWilk test was used to verify Gaussian distribution of the data. Then, the parameters of descriptive statisticsmean, standard deviation, and standard error of the mean, were calculated. The univariate analysis of variance (ANOVA) and Tukey's tests were used to compare the results of morphometric and biomechanical studies between the three groups of venous material. A p value of <0.05 was considered statistically significant.
Results
Immunohistochemical staining for the presence of collagen I was positive in all three groups of veins (Fig. 1) . Analysis of the percentage share of surface expression of the collagen I showed the greatest amount of collagen I in incompetent saphenous veins and this difference was statistically significant in comparison to FV (p Z 0.007). The difference between incompetent and competent saphenous veins was not statistically significant (Fig. 2) . In the case of collagen III, no statistically significant differences were observed between the groups. Collagen IV had significantly higher percentage share in FV when compared to incompetent and competent saphenous veins, p Z 0.011 and p Z 0.018, respectively (Fig. 3) . The percentages of vein expressing elastin were significantly different between the groups: p < 0.001, p Z 0.009 and p Z 0.002 between rSV and FV, cSV and FV and cSV and rSV, respectively. Similar to collagen I, the greatest expression was found in incompetent saphenous veins (Fig. 4) . The ratio of elastin to collagen percentage expression was also significantly different between rSV and FV, and cSV and rSV, p Z 0.003 and 0.032, respectively. The highest ratio was found in incompetent saphenous veins (Fig. 5) . The mean values of storage modulus E 0 and loss modulus E 00 measured in isothermic conditions in all three groups of veins are presented in Table 1 . The maximum values of the storage modulus E 0 in the long-term measurement were similar for all three groups and reached 3300 MPa (S.D 150 MPa). However, the time to reach this value was different between the groups. This time was shortest for incompetent saphenous veins and longest for FV, 474 and 1432 min, respectively. 
Discussion
In this study, we have found varying biomechanical properties of lower limb veins that could influence their behaviour when used as arterial bypass grafts and which depend on their histological structure. To the best of our knowledge, this is the first study that has analysed the influence of structure of elastic components of the venous wall on the biomechanical characteristics of the veins examined by the dynamic mechanical analysis. It has been suggested that incompetent saphenous veins and veins potentially threatened by incompetence contain more collagen I and III when compared to normal veins. 39 The results of this study support the hypothesis that collagen I plays the most important role in the stiffness of the vessel wall. 40 The analysis of percentage share of surface area of expression of collagen I has demonstrated that collagen I prevails in incompetent saphenous veins that have been shown by the DMA to be the stiffest. It was observed in the experimental studies that smooth muscle cells coming from incompetent saphenous veins produced increased amount of collagen I and decreased amount of collagen III. Since collagen I is responsible for the stiffness and collagen III for the expansibility of tissues, this could lead to decreased elasticity of the venous wall, which seems to be consistent with the measurements using DMA. 40, 41 The elastin to collagen ratio was significantly higher in incompetent saphenous veins which is consistent with the mechanical analysis vein properties indicated by the storage modulus E 0 . On the other hand, FVs showed the lowest values of E 0 , had the highest contents of collagen IV and the lowest of collagen I and elastin, and showed the lowest elastin to collagen ratio. Similar to E 0 , loss modulus E 00 was also significantly higher in the incompetent saphenous veins. These findings suggest that this ratio could influence mechanical properties of the venous wall, and that an increase of this ratio would cause an increase of stiffness in in vitro conditions.
The determination of Young's modulus does not allow us to predict the behaviour of a vein when used as a vascular graft with variable temperature and oscillating force or in isothermic conditions 19, 41, 42, 43 which is why it seems that DMA could be more useful in in vitro analysis of the venous material. 38 The mechanical characteristics of venous wall behaviour we observed was similar to that of viscoelastic materials. 44 The studies with variable temperature showed that at human body temperature, the veins with the highest contents of collagen, elastin and elastin to collagen ratio (incompetent saphenous veins) become stiffer to the highest degree. Our data indicate that from the results of morphometric analysis, it is not the amount of collagen or elastin in the vessel wall, but the proportion of elastin to collagen contents that is the most important factor responsible for such a behaviour of different venous materials.
Incompetent saphenous veins show the greatest compliance mismatch with regard to arteries. It has been shown that smaller the difference in compliance between the conduit and the recipient artery, smaller is the degree of intimal hyperplasia at the site of distal anastomosis and consequently, lower occlusion rate of bypass grafts. 45, 46 The veins with the highest compliance, that is, the lowest value of storage modulus E 0 would theoretically offer the most appropriate properties for an arterial graft. The biomechanical properties of FV resemble the arteries more closely than cSV, although the availability of this conduit is a problem. The long-term exposure to the stretching force applied at a frequency of 1 Hz resulted in increased stiffness in all three groups of veins. However, the time to reach maximum stiffness was shortest in incompetent saphenous veins. It means that, this material not only presents the highest degree of stiffness initially, but also becomes stiff more rapidly. The increased stiffness equates to a decrease in compliance that could result in greater risk of graft occlusion. 14,15,47e49 The results of biomechanical studies allow us to evaluate the effect of pathology of the venous wall and its biomechanical consequences. This may be helpful in finding the ideal venous conduit for an arterial bypass graft.
Conclusion
The structure of elastic components of the venous wall influences its biomechanical properties as determined by DMA. The elastin to collagen ratio appears to be the most important factor. The results of DMA confirms that the competent saphenous veins has the most appropriate mechanical properties to be used as a vascular graft. 
